Introduction {#sec1-2045894020910685}
============

Chronic lung diseases (CLD), such as the chronic obstructive pulmonary diseases (COPD) and the interstitial lung diseases (ILD), are frequently complicated by atrial arrhythmias (AAs) during acute respiratory failure (ARF). Inflammation, bronchospasm, and destruction of lung parenchyma result in acute and chronic hypoxia. The development of pulmonary hypertension (PH) results from pulmonary vascular vasoconstriction, remodeling, and other hemodynamic alterations.^[@bibr1-2045894020910685]^ This subtype of PH is categorized as Group III PH, which is defined by right heart catheterization demonstrating: a mean pulmonary arterial pressure (mPAP) 21--24 mmHg at rest with a pulmonary vascular resistance (PVR) of ≥ 3 Wood Units, or ≥25 mmHg at rest (irrespective of PVR), in the setting of known pulmonary disease.^[@bibr2-2045894020910685],[@bibr3-2045894020910685]^ The presence of PH is associated with increased risk of AAs, which predominantly include atrial fibrillation (AF) and atrial flutter (AFl).

AAs in patients with CLD-PH are common causes of acute clinical decompensation related to progressive right heart failure. In acute respiratory failure (ARF) it is difficult to differentiate if AAs are a complication of an underlying etiology or if they are the cause of the clinical decompensation. Treatment is fundamentally based on addressing the precipitating cause of the ARF (i.e. hypoxia, inflammation, volume overload etc.) and the use of respiratory medications (primarily bronchodilators and anti-inflammatory agents). Inhaled beta agonist agents, inhaled anti-cholinergic agents, and inhaled/oral/intravenous corticosteroids have been shown to increase arrhythmogenicity by enhancing AV nodal conduction, promoting parasympathetic suppression, and altering potassium efflux.^[@bibr4-2045894020910685][@bibr5-2045894020910685]--[@bibr6-2045894020910685]^ Thus, balancing the alleviation of respiratory distress and avoiding arrhythmia triggers is challenging. Once any atrial arrhythmia occurs, the hemodynamic stability is affected by the impairment of atrial contraction and loss of atrioventricular synchrony. Often the presence of rapid heart rates further impairs diastolic filling and cardiac output (CO),^[@bibr5-2045894020910685],[@bibr6-2045894020910685]^ exacerbating ARF through pulmonary congestion and worsening hypoxemia. When severe PH is present, new onset supraventricular tachycardias (SVTs) can impact hemodynamic stability and are associated with increased mortality.^[@bibr6-2045894020910685],[@bibr7-2045894020910685]^

The evidence that guides atrial arrhythmia management within CLD has been best described for AF in COPD. However, the evidence guiding AA management during ARF in CLD patients with PH is limited. Treatment recommendations for AAs during ARF in PH patients are in favor of restoring sinus rhythm over rate control, but the options are limited when considering the potential effects of the various agents on CLD. When attempting to restore sinus rhythm, failure rates are high with both pharmacological and interventional management.^[@bibr6-2045894020910685]^ While limited management options are an issue in relatively stable CLD-PH, the paucity of interventions available for AA associated with decompensated CLD-PH is daunting.

Pathophysiology in the development of atrial arrythmias {#sec2-2045894020910685}
-------------------------------------------------------

Changes in pulmonary vascular structure and hemodynamics result from chronic hypoxia seen in patients with CLD. These changes perpetuate or serve as triggers that initiate the development of AAs.^[@bibr1-2045894020910685]^ Chronic hypoxia and chronic right atrial pressure overload, as seen in CLD-associated PH (CLD-PH), have been linked with distention and fibrotic remodeling of the right atrium and increased risk for development of AF.^[@bibr8-2045894020910685]^ While AF is generally associated with ectopic excitation of the atrium, AFl is associated with a reentrant circuit around the tricuspid annulus.^[@bibr9-2045894020910685]^

[Fig. 1](#fig1-2045894020910685){ref-type="fig"} highlights risk factors for the development of AAs in patients with CLD-PH. Fig. 1.Risk factors contributing to the development of atrial arrhythmias in patients with chronic lung disease associated pulmonary hypertension. CAD: coronary artery disease; DM: diabetes mellitus; HTN: hypertension.

### Non-pulmonary vein foci {#sec3-2045894020910685}

Non-pulmonary vein foci (NPVF) are important sites for the initiation and maintenance of AF in ∼20% of patients.^[@bibr10-2045894020910685]^ As a result of right atrial remodeling, NPVF promotes AF development and is more frequent in CLD patients in comparison to AF patients without CLD.^[@bibr1-2045894020910685]^ In CLD-PH, the enlargement of the right atrium is a consequence of progressive pulmonary vascular disease, elevated pulmonary arterial pressure, and elevated right ventricular pressure.^[@bibr8-2045894020910685]^ This correlates with increases in NPVF which originate from sustained volume overload or stretching of the right atrium. Hypoxia, as a complication of ARF, may also cause and contribute to development of NPVF.^[@bibr11-2045894020910685]^ Hypoxia has been shown to significantly change cardiac electrophysiological properties and to decrease the rate of spontaneous impulse initiation within the sinoatrial nodal fibers and spontaneous pulmonary vein activity.^[@bibr11-2045894020910685]^ This effect is due to a hypoxia induced shortening of the action potential duration and reduced conduction velocity. This was discovered in an animal study using rabbits, where conventional microelectrode measurements were taken within the pulmonary veins, left atrium and right atrium. Additionally, this animal study demonstrated that hypoxic injury increased both pulmonary vein and non-pulmonary vein arrhythmogenesis which contributed to the development of AAs.^[@bibr11-2045894020910685]^ Therefore, AAs in CLD-PH patients can result in a self-perpetuating cycle of arrhythmogenic substrate formation through both disease progression and episodes of ARF.

### The effect of atrial stretch and fibrosis {#sec4-2045894020910685}

Atrial stretch and fibrosis form an arrhythmogenic substrate. Changes of myocardial ion channel distribution and activation cause electrical remodeling of the right atrium, which further increase arrhythmogenic vulnerability.^[@bibr12-2045894020910685]^ Atrial remodeling potentiates ectopic or reentrant activity and can precipitate AAs.^[@bibr13-2045894020910685]^ Remodeling further increases the arrhythmogenic substrate and ectopic activity, which in itself can function as a trigger for reentrant activity that leads to atrial arrythmias. Investigations in Group 1 and 4 PH subtypes have demonstrated that increased right atrial pressure and chamber size are risk factors for the development of AAs.^[@bibr5-2045894020910685],[@bibr8-2045894020910685],[@bibr14-2045894020910685]^ Electrophysiological studies in the right atrium of idiopathic PH patients have demonstrated slower conduction velocities with regional abnormalities, reduced tissue voltage, and regions of electrical silence.^[@bibr15-2045894020910685]^ Slowing of both atrial conduction and atrial activation time are essential for AF activation and maintenance.^[@bibr12-2045894020910685]^ Changes in sarcolemmal sodium cannels, gap junction channels, or tissue structure cause slowing of atrial conduction. Fibrotic areas contribute to areas of reduced tissue voltage and regionals of electrical silence which promote areas of ectopic activity. Atrial dilation and fibrosis increase the quantity of atrial tissue that is predisposed to reentry circuits, which allow for the development and maintenance of AAs.^[@bibr13-2045894020910685]^

### Neurohormonal activation {#sec5-2045894020910685}

Chronic sympathetic activation progresses heart failure, dyspnea, and exercise intolerance.^[@bibr16-2045894020910685],[@bibr17-2045894020910685]^ [Fig. 2](#fig2-2045894020910685){ref-type="fig"} summarizes potential mediators and their effects on sympathetic tone within the cardiovascular system. Chronic hypoxia may result in sympathetic augmentation, but its mechanism is poorly understood. One small study demonstrated increased sympathetic activity in patients with both COPD and pulmonary fibrosis compared to matched healthy controls.^[@bibr17-2045894020910685]^ This study suggested that the changes in sympathetic tone in patients with CLD was partially related to chronic hypoxia induced arterial chemoreflex activation of sympathetic outflow. Oxygen therapy did have benefit in CLD patients by reducing sympathetic tone, but not to a level of healthy subjects. This implied that chronic hypoxia lead to chronic alterations in chemoreceptor stimulation and/or that there are other mechanisms that contribute to sympathetic overactivity. Other suggested mechanisms for increased sympathetic activation in CLD patients include: increased ischemic metabolites during muscular contraction in patients with increased work of breathing (local metaboreceptor stimulation), changes in arterial and cardiopulmonary baroreflexes, lung inflation reflexes mediated by pulmonary vagal afferents (pulmonary stretch receptors), elevated heart rates, reduced heart rate variation, abnormal heart rate recovery following exercise, and sympathomimetic medications used in their treatment.^[@bibr16-2045894020910685],[@bibr18-2045894020910685],[@bibr19-2045894020910685]^ It is unclear on the correlation between hypercapnia and sympathetic activity, as there are conflicting studies demonstrating both increase sympathetic and parasympathetic tone.^[@bibr19-2045894020910685]^ Fig. 2.Sympathetic mediators on the intrathoracic cardiovascular system. Proposed effects in CLD patients on the autonomic nervous system and its influence on cardiovascular system.

Heart failure progression from chronic sympathetic activation is due to structural changes of the myocardium related to down regulation of B-receptors, increased myocardial remodeling, and apoptosis.^[@bibr17-2045894020910685],[@bibr20-2045894020910685][@bibr21-2045894020910685]--[@bibr22-2045894020910685]^ The pulmonary arteries are heavily concentrated with sympathetic innervation pathways and are stimulated by pulmonary smooth muscle a1-adrenergic receptors, endothelial a2-adrenergic receptors, and both B1- and B2-adrenergic receptors.^[@bibr17-2045894020910685],[@bibr23-2045894020910685]^ Pulmonary vasoconstriction is triggered by B-receptor blockade which is amplified by sympathetic stimulation.^[@bibr24-2045894020910685]^ This increased sympathetic tone in the pulmonary vasculature contributes to the development and progression of right heart failure. Higher sympathetic activation has been demonstrated to have increased susceptibility to life threatening arrhythmias and increased mortality in PH patients.^[@bibr17-2045894020910685]^

### Consideration of multifocal atrial tachycardia {#sec6-2045894020910685}

The pathophysiology of multifocal atrial tachycardia (MAT) is not fully understood but is currently believed to be associated with increased right atrial pressures and distention.^[@bibr25-2045894020910685],[@bibr26-2045894020910685]^ MAT is commonly described during acute exacerbations of COPD and is associated with an increased mortality rate.^[@bibr27-2045894020910685]^ In fact, MAT has been described more frequently than AF or AFl in ARF associated with COPD^[@bibr28-2045894020910685],[@bibr29-2045894020910685]^ and yet little is known of its presence within CLD-PH. This is in part due to the fact that MAT is frequently mistaken for AF on EKG, which potentially leads to management errors.^[@bibr29-2045894020910685]^ MAT has been described as a poor prognostic indicator in COPD patients requiring mechanical ventilation.^[@bibr30-2045894020910685]^ In that study, the presence of cor pulmonale and ECG findings suggestive of right-sided enlargement/strain were notable findings distinguishing patients with and without MAT.

The presence of other atrial tachycardias in CLD-PH {#sec7-2045894020910685}
---------------------------------------------------

Atrioventricular nodal reentrant tachycardia (AVNRT) and atrioventricular reentrant tachycardia (AVRT) are less commonly reported in patients with either or both CLD and PH, in comparison to AF and AFl. Thus, the evidence for management in CLD-PH patients with AVNRT and AVRT are lacking. Adenosine is a short acting agent that is reserved for atrioventricular nodal reentrant tachycardia (AVNRT) and atrioventricular reentrant tachycardia (AVRT). It is clinically acceptable to use adenosine in hemodynamically stable COPD patients with AVNRT or AVRT, provided that there is no active wheezing. One small study reviewed the role of adenosine in patients with obstructive lung disease in patients undergoing adenosine stress myocardial perfusion scintigraphy.^[@bibr31-2045894020910685]^ While these patients tolerated adenosine well, there was evidence of significant airflow limitation. For this reason, it is reasonable to advise against the use of adenosine in COPD patients with SVTs in ARF, especially during active wheezing. Adenosine\'s role in ILD or CLD-PH not well characterized and further investigation is needed. Other arrythmia control interventions (discussed below), medical or interventional, should be considered in CLD-PH that are in ARF with AVNRT and AVRT.

### Available epidemiology {#sec8-2045894020910685}

The prevalence of AF in patients hospitalized with COPD has nearly doubled between the years of 2003 to 2014 (from 12.9% to 21.3%, respectively) in a recent study using the Nationwide Inpatient Sample.^[@bibr32-2045894020910685]^ Risk factors for the development of AF were: age 75 years, male sex, and white race. Possible explanations for the increase in prevalence were an increased aging population, improvement in AF diagnosis, and reduced AF-related mortality. Additionally, they reported that COPD patients with AF had higher mortality, increased rate of strokes, greater use of mechanical ventilation, higher costs, and longer hospital admissions. While this study was well powered, it was limited to patients with end stage COPD requiring home oxygen which is not representative of the entire COPD population. This is also difficult to extend to patients with COPD-associated PH due to the fact they are not representative of the entire COPD population. In another retrospective study of hospitalized COPD patients, at any stage of the disease, male gender and age were not risk factors for AF.^[@bibr33-2045894020910685]^ Their study concluded that COPD patients with AF had higher mortality, increased risk of end organ dysfunction, and higher rates of ARF. COPD severity has been associated with a significantly increased risk for the development of AF and AFl (21.8% in mild/moderate COPD, 26% in severe COPD, and 31.8% in very severe COPD) in comparison to those patients without COPD (11.0%).^[@bibr34-2045894020910685]^

The annual incidence of AAs in PAH has been estimated to be 3%.^[@bibr35-2045894020910685]^ One small retrospective study in-all-cause PH patients described an atrial arrhythmia incidence of 22% within 35 months of PH diagnosis.^[@bibr6-2045894020910685]^ This suggests a temporal association between duration and progression of PH and risk for atrial arrhythmia development, which has been described in Group 1 Pulmonary Arterial Hypertension (PAH).^[@bibr36-2045894020910685]^ Another retrospective study demonstrated that COPD with and without evidence of PH had no difference in the prevalence of atrial tachycardias.^[@bibr37-2045894020910685]^

There is limited data on the epidemiology of AAs in ILD. In low powered studies, AF occurred in up to 9 to 19% of patients with IPF.^[@bibr38-2045894020910685],[@bibr39-2045894020910685]^ The epidemiology of AAs in other ILDs have not been described. Thus, the epidemiology of AAs in CLDPH needs further investigation.

### Common causes of atrial arrhythmias {#sec9-2045894020910685}

AAs can be a primary cause or a secondary consequence of ARF in CLD-PH.

They are either acute in onset or an exacerbation of a known chronic arrhythmia. Chronic hypoxia, increased right atrial pressure, and volume overload contribute to right atrial chamber dilation and fibrosis in PH, which predispose to AAs. There are multiple secondary etiologies that can trigger right heart strain and AAs. Processes to consider in the differential include hypoxia ± hypercarbia, CLD exacerbation, electrolyte derangements, acid/base disturbance, volume overload, anemia, infection, pulmonary embolism, and myocardial infarction. When identified, these processes should be promptly addressed to alleviate secondary causes of AAs.

### Pharmacological management {#sec10-2045894020910685}

The debate between rate control versus rhythm control in AF is particularly challenging in PH patients. Prior studies on AF management have not included patients with CLD and/or PH.^[@bibr40-2045894020910685][@bibr41-2045894020910685]--[@bibr42-2045894020910685]^ There are no randomized control studies comparing the two management strategies within PH or CLD cohorts. Factoring CLD during ARF on top of PH further complicates this challenge in management. General expert opinion on PH, the guidance from the European Society of Cardiology, and from the European Respiratory Society currently recommend atrial rhythm control as the preferred strategy for AAs in PH patients.^[@bibr2-2045894020910685],[@bibr43-2045894020910685]^ [Table 1](#table1-2045894020910685){ref-type="table"} describes the antiarrhythmic properties of pharmacological options described below. Table 1.Vaughn-Williams classification of antiarrhythmics.ClassMechanismClass effectsExamplesSelected relevant references1cNa + channel blockadeMarked decrease in phase 0 depolarization; prolongation of QRS intervalFlecainide, PropafenoneOlsson et al.^[@bibr14-2045894020910685]^ Mercurio et al.^[@bibr44-2045894020910685]^ Malacznska-Rajpold et al.^[@bibr36-2045894020910685]^ Durheim et al.^[@bibr45-2045894020910685]^ Schwarzkopf et al.^[@bibr46-2045894020910685]^IIBeta-1 receptor antagonistDecrease in heart rate, decrease AV nodal conduction, and ventricular automaticity; increased PR intervalMetoprolol, CarvedilolMercurio et al.^[@bibr44-2045894020910685]^ You et al.^[@bibr47-2045894020910685]^ Durheim et al.^[@bibr45-2045894020910685]^IIIK + channel blockadeProlongation of ventricular repolarization (phases 1--3), prolongation of QT intervalAmiodarone,^[a](#table-fn1-2045894020910685){ref-type="table-fn"}^ Dronedarone, Sotalol^b^Olsson et al.^[@bibr14-2045894020910685]^ Wen et al.^[@bibr5-2045894020910685]^ Durheim et al.^[@bibr45-2045894020910685]^ Mercurio et al.^[@bibr44-2045894020910685]^ Malacznska-Rajpold et al.^[@bibr36-2045894020910685]^ Cannillo et al.^[@bibr6-2045894020910685]^IVCalcium channel antagonistDecrease in heart rate, decrease AV nodal conduction, increased PR intervalDiltiazem, VerapamilMercurio et al.^[@bibr44-2045894020910685]^ You et al.^[@bibr47-2045894020910685]^ Durheim et al.^[@bibr45-2045894020910685]^[^1][^2]

Rate control {#sec11-2045894020910685}
============

Beta blockers {#sec12-2045894020910685}
-------------

Beta-blockers (BBs) function as class II antiarrhythmic agents that slow depolarization in slow action potential cells. BBs are categorized based on receptor specificity (ie. beta-1 and/or beta-2 affinity) which can have different influences on CLD-PH patients.

### Use in hemodynamically stable patients with chronic lung disease {#sec13-2045894020910685}

BBs have been demonstrated to be safe when used in COPD patients in outpatient management of chronic disease(s), despite their known association with bronchoconstriction.^[@bibr48-2045894020910685],[@bibr49-2045894020910685]^ Low dose beta-1 selective BBs may protect against chronotropic, inotropic, and electrocardiographic effects of inhaled beta agonists that are mediated by beta-2 receptors.^[@bibr50-2045894020910685]^ COPD patients treated with BBs have been shown to be at reduced risk of COPD hospitalization and mortality.^[@bibr51-2045894020910685],[@bibr52-2045894020910685]^ In terms of AF control in COPD, BBs (selective or nonselective) have been associated with improved mortality in comparison to calcium channel blockers (CCB) or digoxin.^[@bibr47-2045894020910685]^

BBs are the agents most commonly used for rate control in COPD patients with AF.^[@bibr45-2045894020910685]^

BBs are also commonly used in the outpatient setting for rate control in ILD patients with AAs. One study found that up to 30% of patients with ILD are on BBs for the treatment of co-existing cardiovascular disease and 88.6% of ILD patients with cardiac arrhythmias were on BBs.^[@bibr46-2045894020910685]^ No study has reported on their efficacy. BBs have occasionally been associated with ILD development^[@bibr53-2045894020910685]^ but this is an extremely rare complication and should not impact acute AAs management.

### Beta blockers in patients with pulmonary hypertension {#sec14-2045894020910685}

BBs may inhibit endothelin-1 release and reduce circulation proinflammatory cytokines, which are direct or indirect biomarkers implicated in the development of PH.^[@bibr54-2045894020910685]^ In a mouse model, nonselective BBs have been demonstrated to prevent RHF and reverse RHF through decreasing fibrosis, apoptosis, and capillary rarefaction in the pressure overloaded right ventricle.^[@bibr55-2045894020910685],[@bibr56-2045894020910685]^ Specific BBs, such as nebivolol and carvedilol, have theoretical benefits that include reduced right ventricular afterload, increased nitric oxide bioactivity (nebivolol), and alpha blocking activity (carvedilol).^[@bibr55-2045894020910685]^

[Table 2](#table2-2045894020910685){ref-type="table"} summarizes recent studies evaluating the tolerability of BBs in hemodynamically stable PH patients. Currently, there are no studies addressing the use of BBs in PH patients with ARF. While left ventricular oxygen supply occurs predominantly through blood flow during diastole, right ventricular oxygen delivery occurs during both systole and diastole. Increasing diastolic filling times in right ventricular failure (RVF), as in the use of BBs, may impair right ventricular oxygen delivery and be particularly detrimental in decompensated states. Increased diastolic filling times raise the end-diastolic pressure of the right ventricle. This can worsen right ventricular systolic function through cardiac myofibril overdistention. As the right ventricular systolic pressure rises, there is a decrease in systolic coronary blood flow. Downstream this causes reduced left ventricular preload due to septal displacement, decreased cardiac output, and insufficient aortic pressures required to adequately perfuse the coronary arteries.^[@bibr64-2045894020910685]^ The summative effect results in impaired right ventricular oxygenation and increased myocardial oxygen demand; inducing right ventricular ischemia and hemodynamic collapse. The use of BBs in Group 1 PH has been discouraged unless required by co-existing comorbidities (i.e. hypertension, coronary artery disease, and left-sided heart failure).^[@bibr55-2045894020910685]^ Table 2.Evidence for beta blocker tolerance in PH patients.Clinical evidence (type of study)Rate control agentPH population (number of patients)ConclusionThenappan et al.^[@bibr57-2045894020910685]^ (retrospective study)Nonspecific BB therapyGroup 1 (n = 564)No significant difference in long-term mortality with use of BBs in PAH patientsBandyopadhyay et al.^[@bibr58-2045894020910685]^ (retrospective study)Nonspecific BB therapyGroup 1 PAH IPAH and CTD-PAH (n = 568)Long-term BB use had similar survival and time to clinical worsening compared to patients not receiving BBsSo et al.^[@bibr59-2045894020910685]^ (prospective study)Nonspecific BB therapyGroup 1 PAH (n = 94)BB use is common in Group 1 PH with no significant difference in hospitalization, pulmonary hemodynamics, RV function, and mortality. No difference in NYHA functional class, but 6MWD was reduced in patients who received BBsvan Campen et al.^[@bibr60-2045894020910685]^ (randomized control trial)BisoprololGroup 1 Idiopathic PAH (n = 18)Bisoprolol demonstrated no positive effects on RV function. Additionally, there was reduced cardiac index and reduction of 6MWD that was suggestive of impaired cardiac function.Farha et al.^[@bibr61-2045894020910685]^ (randomized control trial)CarvedilolGroups 1, 3, and 4 PH (n = 30)Carvedilol was well tolerated over six months in stable PH patients and demonstrated improvement in exercise induced heart rate recovery.Grinnan et al.^[@bibr62-2045894020910685]^ (prospective cohort study)CarvedilolGroup 1 (n = 6)Improvement in RVEF and stroke volume without changes in LVEF.Provencher et al.^[@bibr63-2045894020910685]^ (prospective cohort study)Atenolol and propranololGroup 1 Portopulmonary hypertension (n = 10)BBs were associated with worsening exercise tolerance and hemodynamics.[^3]

### Beta blocker use during ARF in CLD-PH with atrial arrythmias {#sec15-2045894020910685}

BBs are likely safe to trial during AAs in hemodynamically stable CLD-PH patients with mild ARF. Albeit, there is no clinical evidence evaluating the safety or efficacy of BBs in ARF associated with CLD-PH and administration should be done with caution. The use of BBs in CLD during ARF have been evaluated only in patients with COPD. These studies have demonstrated primarily the safety profile of cardioselective BBs -- with metoprolol being the most commonly used agent and with AF being the most common reason to initiate rate control therapy.^[@bibr65-2045894020910685],[@bibr66-2045894020910685]^ Neither of these studies investigated the presence of PH within their study sample, nor effects of BBs during ARF in CLD-PH specifically. If BB therapy was to be trialed during a hemodynamically stable CLD-PH patient during an episode of ARF, a cardioselective BB would be cautiously recommended (i.e. metoprolol). BBs should be avoided in severe ARF and decompensated PH due to their negative inotropic affect and possible contribution to bronchoconstriction which may induce or potentiate hemodynamic collapse.

Calcium channel blockers {#sec16-2045894020910685}
------------------------

Calcium channel blockers (CCBs) function as class IV antiarrhythmics that slow depolarization in slow action potential cells. The reported use of CCBs in CLD patients with AAs is generally limited to AF in COPD. Verapamil and diltiazem are commonly used as AF rate control agents, but because of negative ionotropic effects they are contra-indicated in patients with heart failure with reduced ejection fraction.^[@bibr4-2045894020910685],[@bibr67-2045894020910685]^ Verapamil is generally avoided in PH patients due to its higher negative inotropic effects in comparison to other CCBs.^[@bibr68-2045894020910685]^ There is no evidence on the short or long-term efficacy and safety profile in CCBs in ILD. CCBs (amlodipine, diltiazem, and nifedipine) may have benefit within a select sub-population of Group 1 PH patients; those with confirmed acute vasoreactivity on right heart catheterization, and are otherwise avoided in non-responders.^[@bibr69-2045894020910685],[@bibr70-2045894020910685]^ One study has reported the use of CCBs during AAs in patients with idiopathic and scleroderma-associated PAH but tolerance and efficacy were not described.^[@bibr44-2045894020910685]^ Even if CCBs were well tolerated in other forms of PH, there would be theoretical concern of worsened V/Q mismatch in CLD-PH patients due to their vasoreactive properties inhibiting local hypoxic vasoconstriction.^[@bibr71-2045894020910685],[@bibr72-2045894020910685]^

### CCB use during ARF in CLD-PH with atrial arrythmias {#sec17-2045894020910685}

Currently there is not enough evidence to support routine use of CCBs in patients with CLD-PH and ARF. There may be an exception with the use of diltiazem during episodes of MAT in CLD-PH patients, but concerns related to its hemodynamic effects persist. The negative inotropic effects and the contraindication in severe left and right ventricular heart failure would make CCBs contraindicated in decompensated CLD-PH.

Digoxin {#sec18-2045894020910685}
-------

Digoxin directly inhibits myocardial Na+/K + ATPase transporters to increase intracellular calcium concentrations to improve myocardial cell contractility. Digoxin also lengthens phase 0 and 4 of the cardiac action potential, which slows heart rate, and increases vagal tone.^[@bibr73-2045894020910685]^ Digoxin is potentially underutilized as a rate control option in AAs despite the limited data in CLD and PH. Digoxin and other cardiac glycosides may be beneficial in patients with IPF through cyclooxygenase-2 expression induction and protein kinase A activation, as well as suppression of transforming growth factor-B induced fibrotic signaling and myofibroblast differentiation.^[@bibr74-2045894020910685]^ These benefits have primarily been suggested in vitro, which limits their current clinical application.

### Digoxin use during ARF in CLD-PH with atrial arrythmias {#sec19-2045894020910685}

Several studies have demonstrated that digoxin use in PH may be beneficial during acute right ventricular decompensation through its positive inotropic support and improved CO.^[@bibr75-2045894020910685],[@bibr76-2045894020910685]^ Rich et al (1998) demonstrated that following the acute administration of digoxin in RVF from Group 1 PAH: a 10% increase in CO, a 5 mmHg increase in mean pulmonary artery pressure (mPAP), an increase in atrial natriuretic peptide (ANP), and a decrease in plasma norepinephrine were observed.^[@bibr75-2045894020910685]^ The increased mPAP reflects an improved right ventricular CO rather than worsening pulmonary congestion, as the pulmonary vascular resistance was unchanged. The reason for ANP elevation was unclear and needs further investigation. Another study reported that digoxin was used frequently in AF patients with COPD and had no increased risk of 1 year mortality.^[@bibr77-2045894020910685]^ This implies that in the acute setting, digoxin appears to be safe in acute AF management in CLD patients. However, benefits from long-term use within PH remains less convincing with respect to improvement in right ventricular ejection fraction, exercise capacity, and New York Heart Association functional class.^[@bibr76-2045894020910685]^ Digoxin should be avoided in patients with MAT.^[@bibr73-2045894020910685]^ Digoxin benefit in atrial arrhythmia in combination with RVF and CLD needs further investigation.

Rhythm control {#sec20-2045894020910685}
--------------

### Amiodarone {#sec21-2045894020910685}

Amiodarone functions primarily as a class III antiarrhythmic that prolongs the action potential through potassium channel blockade. It also has properties that allows it to act as a class I, II, and IV antiarrhythmic.

### Amiodarone in chronic lung disease {#sec22-2045894020910685}

The drug toxicity within the lungs relates to iodine accumulation that may cause acute and/or chronic inflammation. The toxicity of amiodarone can occur any time after initiation of treatment, but it has most often been found to correlate with total cumulative dose as opposed to daily dosing.^[@bibr78-2045894020910685]^ Amiodarone pulmonary toxicity most commonly presents as acute or subacute pneumonitis with diffuse infiltrates on chest radiography or computed tomography.^[@bibr78-2045894020910685]^ It can present in several forms including: organizing pneumonia, acute respiratory distress syndrome, alveolar hemorrhage, and chronic interstitial pneumonitis. Mechanisms for amiodarone induced pulmonary toxicity include direct cytotoxicity and hypersensitivity reaction.^[@bibr79-2045894020910685]^ When acute pulmonary toxicity is suspected, withdrawal and consideration of corticosteroid therapy is indicated; corticosteroid therapy is less useful for chronic amiodarone toxicity.

Amiodarone use is common among patients with AF and COPD, despite its known pulmonary toxicity profile.^[@bibr45-2045894020910685]^ Its prolonged use in ILD has not been studied and is more concerning because its association with pulmonary fibrosis has been well described. Amiodarone-induced pulmonary toxicity have a reported an incidence between 5 and 13% and a mortality rate of 10--23%. Risk factors for the development of amiodarone-induced pulmonary toxicity were found to be patients \>60 years and on amiodarone for 6--12 months.^[@bibr80-2045894020910685]^ Amiodarone use has been reported in PH,^[@bibr5-2045894020910685][@bibr6-2045894020910685]--[@bibr7-2045894020910685],[@bibr14-2045894020910685]^ but not in CLD-PH.

### Amiodarone use during ARF in CLD-PH with atrial arrythmias {#sec23-2045894020910685}

There are no studies evaluating its safety with short-term use in CLD as a bridge to alternate therapy. Despite concerns regarding pulmonary toxicity, amiodarone use may be the best option when confronted by a life-threatening atrial arrhythmia in decompensated CLD-PH, especially if hypoxemia or hypotension is present.

Dronedarone {#sec24-2045894020910685}
-----------

Dronedarone is derived from amiodarone with the addition of a methylsulfonyl group that is reported to result in the molecule causing less systemic toxicity. Nonetheless, there are case reports which implicate dronedarone as causing pulmonary toxicity with its use.^[@bibr81-2045894020910685][@bibr82-2045894020910685]--[@bibr83-2045894020910685]^ Dronedarone-related pulmonary toxicity has also been described in patients with prior amiodarone use, which raises concerns of cross-reactivity.^[@bibr84-2045894020910685]^ The use of dronedarone is contraindicated in patients with advanced heart failure.^[@bibr8-2045894020910685]^ Olsson et al. have demonstrated its tolerability in PH patients during the management of AF and AFl; this study did not include CLD-PH. Theoretically dronedarone may be a safer alternative to amiodarone use.

Sotalol {#sec25-2045894020910685}
-------

Sotalol is a BB that also has class III antiarrhythmic properties. There have been reported associations between sotalol and the development of bronchiolitis obliterans.^[@bibr85-2045894020910685]^ The negative inotropic effects of sotalol would limit its use in decompensated PH. However, this agent may be potential option for mild ARF in otherwise stable CLD-PH patients.

Class 1c agents {#sec26-2045894020910685}
===============

One small retrospective study of AAs in 77 PH patients demonstrated no adverse events with the use of class 1c agents, such as propafenone and flecainide.^[@bibr6-2045894020910685]^ This study only had 12 patients with Group 3 PH and it was unclear how many of these patients actually received class 1c agents. Propafenone and flecainide are contraindicated in patients with structural heart disease but it is not clear if this concern applies to patients with PH. Flecainide has a rare association with diffuse infiltrative lung disease.^[@bibr53-2045894020910685],[@bibr86-2045894020910685],[@bibr87-2045894020910685]^ There is theoretical potential for use of these agents in ARF patients with CLD-PH and further investigation is warranted.

Cardioversion {#sec27-2045894020910685}
-------------

Patients who are hemodynamically unstable due to AAs should promptly undergo synchronized direct current cardioversion (DCCV).^[@bibr88-2045894020910685]^ Two studies have reported success with electrical cardioversion of AAs in PH patients, however patients frequently need repeated attempts to achieve success.^[@bibr7-2045894020910685],[@bibr14-2045894020910685]^ Both these studies were low powered and did not include CLD-PH. Olsson et al (2013) also reported success with elective cardioversion used in combination with pharmacological rhythm control therapy.^[@bibr14-2045894020910685]^ An exception to the use of DCCV is in the setting of MAT, where it has not been described to be effective.^[@bibr89-2045894020910685]^

Cardiac catheter ablation {#sec28-2045894020910685}
-------------------------

Cardiac catheter ablation (CCA) is a definitive approach to managing AAs. CCA include two techniques: radiofrequency catheter ablation (RFCA) and cryoballoon ablation. Typically, the cryoballoon ablation is used in pulmonary vein isolation and is not commonly used in patients with CLD or PH. CLD-PH patients have more NPVF as their source of arrhythmogenic substrate and there is less need of pulmonary vein isolation. Unlike RFCA, no studies have investigated outcomes with cryoballoon ablation specifically in PH patients. [Fig. 3](#fig3-2045894020910685){ref-type="fig"} demonstrates an example of an electrophysiology study used to guide RFCA in a patient with CLD-PH complicated by an AA. Fig. 3.Voltage map of a patient with atrial arrhythmias and COPD associated pulmonary hypertension. Voltage map demonstrating right anterior oblique (RAO) and left anterior oblique (LAO) views of the right atrium, superior vena cava, and inferior vena cava. Purple reflects areas of normal voltage and red demonstrates extensive scarring and fibrosis. Mild to moderate scarring and fibrosis are delineated by areas of green and yellow. This patient\'s extensive fibrosis and scarring resulted in multiple NPVF that lead to multiple atrial arrhythmias including focal atrial tachycardia, atrial flutter, and atrial fibrillation. This mapping was from a second attempt at radiofrequency catheter ablation which was extensive but ultimately successful in suppressing further atrial arrhythmias with two years from procedure, confirmed by implanted loop recorder.

In the acute setting, CCA is often used during AAs that are refractory to medical management or when there are contraindications to medical therapy. RFCA can be performed as safely in CLD patients as in patients with normal lungs.^[@bibr1-2045894020910685]^

Although no study has evaluated the safety and efficacy of CCA in CLD-PH patients, there is data in other subtypes of PH to suggest that RFCA is a safe and effective intervention. While RFCA in PH patients has been demonstrated to be safe,^[@bibr35-2045894020910685],[@bibr90-2045894020910685]^ it is frequently technically challenging due to right atrial and tricuspid annular dilation.^[@bibr8-2045894020910685]^ Two small retrospective studies have demonstrated that PAH patients have longer RFCA procedure times, required higher numbers of lesions ablated, and had longer total ablation times.^[@bibr35-2045894020910685],[@bibr91-2045894020910685]^ Other risks associated with CCA in PH patients include increased risks of in-hospital death, pneumonia, cardiac arrest, and type III AV block.^[@bibr92-2045894020910685]^

Cardiac tamponade is the most common life threatening complication from CCA.^[@bibr93-2045894020910685]^ Additional serious procedural risks include pulmonary vein stenosis, cardiac perforation, esophageal fistulas, and major bleeding.^[@bibr94-2045894020910685]^ Severely elevated right heart pressures and dilated right heart chambers increase the risk for transeptal or free wall puncture during CCA. Downstream complications from this procedure include right-to-left shunting with worsening hypoxemia and increased risk of paradoxical embolism.^[@bibr8-2045894020910685]^ Cryoballoon ablation could, theoretically, put more patients at increased risk for right-to-left shunting in comparison to RFCA due to its requirement of a larger sheath that is used during septal puncturing. Two case reports, one patient with PH, have described complications of a right-to-left shunt post ablation that responded well to atrial septal defect closure closure.^[@bibr95-2045894020910685],[@bibr96-2045894020910685]^ It is sensible to assume patients with PH would be at greater theoretical risk for the development of right-to-left shunting due to their increased right atrial pressures. The use of transesophageal echocardiography or intracardiac echocardiography have been shown to reduce major complications from CCA.^[@bibr97-2045894020910685]^ Another consideration for the proceduralist and anesthesiologist is that general anesthesia or deep sedation is worrisome in decompensated PH patients.

Anesthetic risks include worsening hemodynamics that may be compounded by the application of mechanical ventilation.

Often repeat RFCAs are required to control AAs and atrioventricular node ablation with need for permanent pacemaker insertion is common.^[@bibr37-2045894020910685]^ Patients with severe PH requiring CCA should have the procedure performed under specialist cardiac anesthesia, and general expert opinion recommends that mechanical ventilation in combination with deep sedation and/or general anesthesia during severe ARF should be avoided, if possible.^[@bibr98-2045894020910685]^

Anticoagulation {#sec29-2045894020910685}
---------------

Currently there is no evidence on the anticoagulation risks and benefits within CLD-PH patients. Additionally, there is no evidence to guide whether direct oral anticoagulation agents (DOACs) or vitamin K antagonist should be used as first line. The applicability of the CHA~2~DS~2~VASc scoring system for stroke risk assessment or the HAS-BLED scoring system for bleeding risk assessment is uncertain in PH patients with AF. However, the utilization of these scoring systems in CLD-PH patients with AF is pragmatic. AFl follows the same anticoagulation management guidelines as AF.^[@bibr99-2045894020910685]^ There is no evidence to recommend anticoagulation in MAT.

The ARISTOTLE trial was a randomized control trial that compared the efficacy of apixaban and warfarin in patients with AF and AFl.^[@bibr100-2045894020910685]^ Within this trial COPD patients were independently associated with increased risk of all-cause mortality, but they were not associated with increased risk of stroke or systemic embolism.^[@bibr101-2045894020910685]^ There was also no difference in the efficacy or bleeding events between the use of apixaban or warfarin. COPD patients have been demonstrated to have increased warfarin sensitivity, when therapy is started during an exacerbation.^[@bibr102-2045894020910685]^

A double blinded randomized control trial of 145 patients with idiopathic pulmonary fibrosis (IPF) reported higher mortality in patients treated with warfarin in comparison to those without.^[@bibr103-2045894020910685]^ The most common cause of death was found to be respiratory related. This study was predicated on animal studies that inferred a correlation between IPF and hypercoagulability, and IPF patients with atrial arrhythmias were excluded. A small case series has described two patients with fatal IPF exacerbations secondary to warfarin use.^[@bibr104-2045894020910685]^ The indications for warfarin in these two cases were AF and DVT. Thus, the use of warfarin in IPF patients should be with caution and close monitoring. It is unclear how warfarin affects other ILD subtypes.

While PH patients were not specifically excluded from trials investigating the rationale of DOACs as a first line anticoagulant agents, there is not enough data to suggest that DOACs should be used first line in all patients with PH and atrial fibrillation.^[@bibr8-2045894020910685]^ In the ARISTOTLE trial, PH was not associated with higher mortality in AF/AFl patients with COPD or in all-cause mortality.^[@bibr101-2045894020910685]^ PH is a heterogeneous disease with variability in the perceived benefits of anticoagulation within its various subtypes. This indicates need of further investigation of anticoagulation management within the various PH subtypes. Current recommendations would advise anticoagulation in CLD-PH patients with AF or AFl and agent for anticoagulation should be determined on an individualized basis.

Conclusion {#sec30-2045894020910685}
==========

CLD-PH is often complicated by AAs and there is little evidence to guide arrythmia management during ARF. Current recommendation would reinforce guidelines that focus primarily on attempting to restore sinus rhythm and considering RFCA if possible. Rate control methods should be avoided in decompensated PH patients due to risks of further hemodynamic collapse and potential for side effects of treatment agents. Anticoagulation should be considered in any patient with atrial fibrillation or flutter and choice of specific therapy should be determined on an individual basis. These issues highlight an ongoing need for further investigation on AAs management in CLD-PH.
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[^1]: Amiodarone has additional properties that act within the I, II, and IV classification.

[^2]: Sotalol has additional properties that act within the type II classification.

[^3]: BB: beta blocker; LVEF: left ventricular ejection fraction; NYHA: New York Heart Association; PAH: pulmonary arterial hypertension; PH: pulmonary hypertension; RV: right ventricle; RVEF: right ventricular ejection fraction; 6MWD: six minute walk distance.
